We have investigated the magnetization reversal behavior in exchange-coupled NiO/Fe films with varying the NiO thicknesses using a magneto-optical microscope magnetometer capable of direct domain observation in real time. Interestingly enough, the magnetization reversal mechanism is gradually changed from a domain wall-motion process to a nucleation process as the NiO thickness increases. This result clearly demonstrates that the exchange coupling effect between the NiO and Fe layers increases the domain wall pinning effect of the Fe layer, resulting in the nucleation reversal mode. © 2010 American Institute of Physics. ͓doi:10.1063/1.3340457͔
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The antiferromagnetic ͑AFM͒/ferromagnetic ͑FM͒ bilayer exhibits the coercive field enhancement and the loop shift in the magnetic hysteresis loop of the FM layer, known as the exchange coupling effect. 1 The exchange-coupled system has been largely studied due to their technical application as the pinned layer in a magnetoresistive spin-valve structure. [2] [3] [4] However, despite its extensive technical application, the physics of exchange coupling effect is not clearly understood yet. [5] [6] [7] [8] [9] Recently, several studies have focused on the change in magnetization reversal mechanism in a FM layer. [10] [11] [12] [13] In general, the change in magnetization reversal mechanism could be explained by the increased domain wall ͑DW͒ pinning effect in a FM layer. [14] [15] [16] Since the DW pinning effect can be greatly affected by the t AFM , 17 it is necessary to measure magnetization reversal behavior with varying the AFM thicknesses ͑t AFM ͒ systematically to elucidate the origin of reversal mechanism change. The reliable study focusing on the correlation between reversal mechanism and t AFM was already carried out in NiO/Co system 18, 19 through dynamical magnetization measurements from the hysteresis loop measured by means of the magneto-optical Kerr effect ͑MOKE͒ experimental setup. However, the MOKE method used in this experiment cannot reveal the detailed domain configuration during magnetization reversal. Since the domain reversal patterns can give the detailed information on the DW pinning effect, it is crucial to investigate the magnetization reversal behavior using the direct domain observation technique to extend our understanding on this issue.
In this work, we have investigated the magnetization reversal behavior in exchange-coupled NiO/Fe films with varying NiO thicknesses using a magneto-optical microscope magnetometer ͑MOMM͒ capable of direct domain observation. 20 From the time-resolved domain images obtained by the MOMM, we have compared the magnetization reversal mechanism at each sample. Interestingly, the magnetization reversal mechanism in the NiO/Fe systems becomes changed from a wall-motion dominant process to a nucleation dominant one as the NiO thickness increases.
For this study, we have prepared a series of the t NiO nm NiO/30 nm Fe samples with different thicknesses of t NiO =0, 30, 100, and 200 nm using a magnetron sputtering method under a base pressure of 2 ϫ 10 −6 Torr and an Ar sputtering pressure of 5 mTorr. The NiO and Fe films have been deposited by rf-magnetron sputtering and dc-magnetron sputtering, respectively. During the film deposition, a magnetic field of ϳ500 Oe was applied by the permanent magnets, which induced a uniaxial in-plane magnetic anisotropy on the NiO/Fe systems. All samples were capped with a Ta layer of 3 nm to prevent the oxidation. The x-ray results show the texture structure of NiO with a ͑200͒ orientation.
Direct observation of magnetization reversal process has been carried out by means of the MOMM. The MOMM system consists of a polarizing optical microscope designed to observe in-plane magnetic domains via longitudinal MOKE. The spatial resolution is 400 nm, and the Kerr angle resolution is 0.1°. To store domain images during Barkhausen avalanches, the MOMM system is equipped with frame grabber having an image grabbing rate of 30 frames/s in real time. Time-resolved domain-evolution patterns were obtained by capturing the images during magnetization reversal. Figure 1 shows the hysteresis loops of Fe and NiO/Fe films measured on the sample area of 80ϫ 64 m 2 by means of the MOMM. It should be noted that the coercive field of the NiO/Fe films is much higher than that of the pure Fe film, which can be understood by the exchange coupling effect between the NiO and Fe layers. Interestingly, the loop shape is changed from a squarelike one to a slant one as the NiO thickness increases. To be more precise, the loops of the pure Fe and 30 nm NiO/Fe films have a squarelike loop with different coercive fields, whereas the loops of the 100 nm NiO/Fe and 200 nm NiO/Fe films have a slant loop with different slopes.
To figure out the origin of hysteresis loop change, we have measured the domain-evolution images during magne- tization reversal, as shown in Fig. 2 . The dark and bright contrasts of each domain image correspond to the up and down magnetization directions, respectively, as denoted by the arrows. The series of three images indicates the magnetization states at magnetic field H = −H s , H c , and H s , respectively, where H s is saturation field and H c is coercive field. It should be pointed out that the magnetization reversal process at all samples takes place by the 180°DW motion with a discrete and jerky domain jumps. Interestingly enough, the magnetization reversal mechanism is gradually changed as the NiO thickness is increased: pure Fe and 30 nm NiO/Fe films favor DW motion process, whereas 100 nm NiO/Fe and 200 nm NiO/Fe films favor nucleation process. This can be understood by the fact that the exchange coupling effect between the NiO and Fe layers increases the DW pinning effect of the FM layer, resulting in the increase in the coercive field and the nucleation process.
The dependence of magnetization reversal mechanism on the NiO thickness ͑t NiO ͒ was further investigated by measurements of the surface structure of NiO. The surface structure of NiO layer has been measured by means of the reflective high-energy electron diffraction ͑RHEED͒ observations. The RHEED images of the NiO layer grown on the glass substrate are shown in Fig. 3 . It should be pointed out that the NiO ͑200͒ diffraction patterns appeared as the t NiO is increased. When t NiO = 30 nm, the NiO layer is polycrystalline structure, showing no preferred orientation, as seen in the ring pattern in Fig. 3͑a͒ . On the other hand, a clear diffraction pattern appeared when t NiO Ն 100 nm, as shown in Figs. 3͑b͒ and 3͑c͒ . Note that the diffraction patterns are independent on the in-plane angle of incidence, indicating that the NiO layer has no in-plane crystalline orientation. From these results, we can come to conclusion that the NiO layer is gradually crystallized with a ͑200͒ preferred orientation as t NiO increases.
Interestingly enough, the crystallization of NiO layer can be correlated with the fact that the magnetization reversal mechanism in NiO/Fe systems shows the dependence on the t NiO . It should be noted that the crystallinity of NiO layer is enhanced as increasing the t NiO , as clearly seen in Fig. 3 . From this result, it can be expected that the effective crystalline anisotropy of AFM layer ͑K AFM eff ͒ is enhanced as t NiO increases. 16 Following the theoretical model proposed by Malozemoff, 21 which assumes the presence of random interface roughness, the coupling energy between the FM and AFM layers is proportional to ͱ K AFM eff , and thus the increase in t NiO results in the enhancement in interface coupling energy. This is consistent with our experimental result, showing the change in magnetization reversal process from DW motion dominant mode to nucleation dominant mode as increasing the t NiO . When t NiO Ն 100 nm, the RHEED image shows clear diffraction pattern indicating the crystallization of NiO layer, and magnetization reversal of Fe layer proceeds with a nucleation dominant process. This result can be explained by the increase in interface coupling energy between the NiO and Fe layers, which results in the increase in DW pinning effect.
In summary, we have investigated the magnetization reversal behavior of NiO/Fe exchange-coupled system with varying the NiO thicknesses. From the hysteresis loops, we have found that the coercive field of the NiO/Fe films is much higher than that of the pure Fe film. Interestingly enough, magnetization reversal is gradually changed from a wall-motion process to a nucleation process as NiO thickness increases. This result can be understood by the increased DW pinning effect of Fe layer due to the enhancement in cou- pling energy between NiO and Fe layers, resulting in the increase in coercive field and the nucleation process. 
